Interactions at the 3' end of the intron initiate spliceosome assembly and splice site selection in vertebrate pre-mRNAs. Multiple factors, including Ul small nuclear ribonucleoproteins (snRNPs), are involved in initial recognition at the 3' end of the intron. Experiments were designed to test the possibility that Ul snRNP interaction at the 3' end of the intron during early assembly functions to recognize and define the downstream exon and its resident 5' splice site. Splicing precursor RNAs constructed to have elongated second exons lacking 5' splice sites were deficient in spliceosome assembly and splicing activity in vitro. Similar substrates including a 5' splice site at the end of exon 2 assembled and spliced normally as long as the second exon was less than 300 nucleotides long. U2 snRNPs were required for protection of the 5' splice site terminating exon 2, suggesting direct communication during early assembly between factors binding the 3' and 5' splice sites bordering an exon. We suggest that exons are recognized and defined as units during early assembly by binding of factors to the 3' end of the intron, followed by a search for a downstream 5' splice site. In this view, only in the presence of both a 3' and a 5' splice site in the correct orientation and within 300 nucleotides of one another will stable exon complexes be formed. Concerted recognition of exons may help explain the 300-nucleotide-length maximum of vertebrate internal exons, the mechanism whereby the splicing machinery ignores cryptic sites within introns, the mechanism whereby exon skipping is normally avoided, and the phenotypes of 5' splice site mutations that inhibit splicing of neighboring introns.
Interactions at the 3' end of the intron initiate spliceosome assembly and splice site selection in vertebrate pre-mRNAs. Multiple factors, including Ul small nuclear ribonucleoproteins (snRNPs), are involved in initial recognition at the 3' end of the intron. Experiments were designed to test the possibility that Ul snRNP interaction at the 3' end of the intron during early assembly functions to recognize and define the downstream exon and its resident 5' splice site. Splicing precursor RNAs constructed to have elongated second exons lacking 5' splice sites were deficient in spliceosome assembly and splicing activity in vitro. Similar substrates including a 5' splice site at the end of exon 2 assembled and spliced normally as long as the second exon was less than 300 nucleotides long. U2 snRNPs were required for protection of the 5' splice site terminating exon 2, suggesting direct communication during early assembly between factors binding the 3' and 5' splice sites bordering an exon. We suggest that exons are recognized and defined as units during early assembly by binding of factors to the 3' end of the intron, followed by a search for a downstream 5' splice site. In this view, only in the presence of both a 3' and a 5' splice site in the correct orientation and within 300 nucleotides of one another will stable exon complexes be formed. Concerted recognition of exons may help explain the 300-nucleotide-length maximum of vertebrate internal exons, the mechanism whereby the splicing machinery ignores cryptic sites within introns, the mechanism whereby exon skipping is normally avoided, and the phenotypes of 5' splice site mutations that inhibit splicing of neighboring introns.
Splice site selection in vertebrate pre-mRNAs occurs by recognition of consensus sequences located on the intron side of each splice site (reviewed in references 20, 32, and 52). Deletion experiments firmly indicate that the sequence elements necessary for recognition are limited to the immediate vicinity of splice sites; the bulk of the intron is dispensable (56, 57, 59, 60) . Early models of splice site recognition in multi-intron RNAs suggested recognition of one site, followed by scanning through the intron to locate the second site (28, 31, 52) . Experiments designed to test for intron scanning quickly indicated the implausibility of such mechanisms. First, splice sites may be mixed in chimeric RNAs or in different molecules (trans splicing), suggesting that the sequences characterizing individual splice sites are interchangeable and need not be connected (9, 23, 45, 53) . In addition, duplication of splice sites does not result in a preference for proximal or distal sites, indicative of simple unidirectional scanning through introns (1, 27, 56, 57, 60) . Cumulatively, these observations suggested that each splice site is recognized independently by specific factors and that subsequent factor interactions provide exon juxtaposition for ligation of the correct exons in the correct order.
Independent recognition of 5' and 3' splice sites, however, presents several problems for the proper orchestration of splicing, especially in transcription units with many exons. Investigation of spliceosome assembly indicates that initial substrate recognition occurs at the 3' end of the intron (4, 7, 8, 13, 18, 19, 24, 25, 43, 62, 64) . In mammalian RNAs, 3' intronic sequences are not well conserved, and mutations in sequences other than the terminal AG result in little loss of function (22, 44, 47, 50) . Furthermore, cryptic splice sites * Corresponding author.
are abundant in the average precursor RNA and are easily activated when normal sites are mutated (56, 57, 60) . Given the lack of sequence specificity of 3' sites and the abundance of cryptic 5' and 3' sites, the mechanism whereby the splicing machinery manages to select only correct sites seems puzzling. It is also difficult to envision how neighboring exons are always ligated in correct order if little communication exists between splice sites.
Recent experiments have suggested a role for exon sequences during splice site selection (11, 14, 15, 37, 39, 40, 42, 47, 54) . The phenotypes of mutations in internal 5' splice sites also suggest that splice sites are not recognized independently. Such mutations activate cryptic sites (2, 33, 56, 57, 60) or inhibit splicing of the upstream intron (33, 58) . Activation of normally silent cryptic sites suggests that the splice site machinery searches a region of the precursor RNA for a consensus 5' splice site. In its absence, a neighboring best-fit splice site is selected. Utilized cryptic sites are positioned close to the correct splice site they replace; better fits to the splice site consensus sequence, but located distal to the mutation within the neighboring intron, are ignored. Thus, the site selection machinery is restricted to the immediate vicinity of the wild-type site. Exon skipping appears to occur when no usable cryptic site can be located in the vicinity of the original mutation. It splice sites, they also influence interactions at the 3' end of the intron (63, 64) . We previously reported that Ul snRNPs are required for initial assembly of the spliceosome; a similar requirement is observed during yeast splicing (48) . In the absence of Ul snRNP antigens or intact Ul RNA, assembly is limited to the formation of nonspecific complexes. Furthermore, other snRNPs do not stably interact with precursor RNAs when Ul snRNPs have been incapacitated. The Ul snRNP requirement for early assembly is not dependent on the presence of a 5' splice site in precursor RNA. Ul snRNP antigens are present in complexes formed with substrates lacking 5' splice sites, suggesting that Ul snRNPs participate in interactions at the 3' end of the intron. The fate of Ul snRNPs bound to the 3' end of the intron was unclear. Earlier evidence strongly indicated that such 3'-bound Ul snRNPs did not scan in a 3'-to-5' direction through the intron to select an upstream 5' splice site (27, 56, 57, 60) . We were interested to test the idea that 3'-bound Ul snRNPs were destined for interactions at the neighboring downstream 5' splice site across the exon and that communication across exons occurs during initial precursor recognition. Here we report that the presence of a 5' splice site within exon 2 affects recognition and removal of the upstream intron. We suggest that factors binding 3' and 5' splice sites communicate across exons to define exons as the original units of spliceosome assembly, preceding definition of introns for catalysis.
MATERIALS AND METHODS
Splicing assays and substrates. All substrates contain sequence information from the first and second exons of the adenovirus major late transcription unit. All constructs have the same last 81 nucleotides of their respective introns, 3' splice site, and first 38 nucleotides of exon 2. Substrates containing intact or truncated second exons were derived from the IVPX or MINX precursor RNA families, respectively, previously described by this laboratory (63, 64) . The IVPX substrate family consists of the natural first exon from the major late transcription unit, a 231-nucleotide intron (internally deleted at the HindIll site) (17) , the natural second exon, and over 400 nucleotides of intron 2 cloned into SP6-transcribable vectors. The MINX family of precursor RNAs was derived from a three-exon duplication construct and consists of 24 nucleotides of vector, 34 nucleotides from the second half of exon 2 (nucleotides 39 to 72), 120 nucleotides of hybrid truncated intron (the first 39 nucleotides of intron 2 connected through the HindIII site to the last 81 nucleotides of intron 1), and 38 nucleotides of exon 2, cloned into the SP65 polylinker at nucleotide 26.
Single-exon versions of these substrates lacking exon 1 and its 5' splice site were created by deletion between the intron-located HindIll site and the polylinker EcoRI site and are referred to as A5 substrates in our earlier publications.
Cleavage of IVPX DNA with BglI, HpaII, or XhoI produced the three length-related versions of El -E2 and E2 with 27, 88, or 350 nucleotides of intron 2 sequences following exon 2, respectively. A second set of substrates containing a complete second exon followed by increasingly larger downstream information was created from three exon MINXbased substrates. This family has a 94-nucleotide second exon consisting of the natural exon 2 with a 22-nucleotide insertion of SP65 polylinker at nucleotide 38. The exon is followed by 45 Truncation with BglII produced DNA templates that directed the synthesis of two-exon substrates of 724 and 828 nucleotides. Exon and expansion sequences are indicated in the appropriate figure legends. The expansion sequences used in all figures are identical except for short stretches of junction nucleotides necessitated by cloning. All templates were sequenced; sequences are available upon request.
Splicing reactions and analysis of complexes by RNP gel electrophoresis were performed as described previously (63, 64) . Equal amounts (in counts per minute) of substrates to be compared were used. Substrates to be compared were synthesized at the same time to the same specific activity. Native RNP gels contained 3.5% acrylamide (acrylamide bisacrylamide ratio of 80:1), 0.5% agarose, 25 mM Tris, 25 mM glycine, and 10 mM EDTA (pH 8.8). Splicing reactions were mixed with a 15% volume of a concentrated stop solution and quick frozen in liquid nitrogen. Final concentration of the stop solution was 2 mg of heparin per ml-10 mM Tris chloride (pH 7.9)-2% glycerol-10 mM EDTA-0.01% bromphenol blue and xylene cyanol. Gels were run at 4°C for 4 to 6 h at 15 V/cm.
Oligonudeotide-mediated cleavage. Cleavage of extract U RNAs was performed as previously described (63, 64) . Routinely, 0.3 to 1.0 ,ug of oligonucleotide was required to cleave an individual U RNA and inhibit splicing in a standard reaction. Cleavage was monitored by examination of extract RNAs on acrylamide gels, accompanied by silver staining. Control oligonucleotides directed no observable RNA cleavage. Cleavage was for 30 min at 30°C before addition of substrate. All oligonucleotides were examined by optical density at 260 nm, gel electrophoresis and silver staining, and ability to be labeled by ATP and polynucleotide kinase. Oligonucleotide preparations were used only if they showed a single band on gel electrophoresis and kinase labeling.
VOL. 10, 1990 15 min in splicing reactions pretreated with a control oligonucleotide (C) or oligonucleotides that direct cleavage of Ul or U2 RNA. Samples of each reaction were removed and subjected to electrophoresis on native RNP gels. The specific A, A', and B complexes assembled with wild-type substrate and the alpha complex assembled with substrates lacking exon 1 are indicated. The A, A', and B complexes correspond to the A, B, and C or alpha, beta, and gamma complexes described by other laboratories (13, 24, 30) . (B) The diagrammed substrates were incubated in a standard splicing reaction for the indicated times (in minutes) before analysis on RNP gels. The smear above the alpha complex in the E2A5 lanes does not represent a band and is usually not observed with this substrate (see Fig. 2 ).
RESULTS
Assembly of spliceosome complexes by substrates containiing a single exon is enhanced by the presence of a 5' splice site. Simple two-exon splicing precursor RNAs assembled in vitro into multiple complexes that could be resolved by native RNP gel electrophoresis (Fig. 1A) . We have developed a gel system (64) that resolves three complexes, A, A', and B, by using substrates with a single intron (El -E2 in Fig. 1A ). Substrates consisting of only the 3' half of the intron and a downstream second exon (E2) also assembled into a specific complex. In this case, however, only a single complex was observed, which we have termed alpha. We have previously shown that both A and alpha can be immunoprecipitated by antibodies specific for Ul snRNPs (63) , suggesting that Ul snRNPs are associated with both complexes despite the absence of a 5' splice site in substrates producing alpha. No apparent cryptic 5' splice site exists in the deletion substrate producing alpha; even under extended incubation in the extract, no splicing product or intermediate RNAs are produced, suggesting that sequences at the 3' end of the intron are directing alpha assembly. Other laboratories have observed similar behavior for precursor RNAs deleted for a first exon (13, 24, 37) .
Ul and U2 snRNPs are required for the formation of the A, A', and B complexes observed with substrates RNAs containing two exons (64) . Formation of alpha also required intact Ul and U2 RNAs (Fig. 1A) ; cleavage of either U RNA arrested assembly at the formation of nonspecific complexes. The requirement for Ul RNA during the formation of complexes by using substrates that lack a 5' splice site suggested that Ul snRNPs participate in interactions at the 3' end of the intron.
The unexpected involvement of Ul snRNPs in formation of complexes lacking 5' splice sites encouraged us to investigate whether placement of a 5' splice site downstream of the 3' splice site would have an effect on assembly. We therefore prepared substrates containing the 3' half of the intron and either an intact or a truncated exon 2 and examined their ability to direct complex formation in vitro. Both substrates had identical sequences at the 3' end of the intron and the beginning of the second exon.
Substrates with a complete second exon, E2, assembled rapidly (Fig. 1B) (Fig. 2) . The substrates that include a 5' splice site are analogous to RNAs with an exon followed by increasing lengths of intron; the substrates that lack a 5' splice site are analogous to RNAs with increasingly larger incomplete second exons. The extensions within each set were nested such that all sequences present in the shorter substrates were also present in the longer substrates.
Equal amounts of each substrate were incubated in in vitro splicing reactions and sampled for alpha complex formation on native RNP gels (Fig. 2) . All substrates containing a complete exon and its 5' splice site assembled complex alpha ( Fig. 2A and C) . Therefore, the presence of the extending nonspecific information had no effect on appearance or stability of the alpha complex. In contrast, substrates with long second exons lacking a 5' splice site within exon 2 assembled very poorly (Fig. 2B) tides) demonstrated appreciable assembly, and this assembly was not stable to extended incubation (the shortest substrate used in Fig. 2B is identical to that used in Fig. 1B) . Extension of the 42-nucleotide second exon with nonspecific information lacking a 5' splice site resulted in observation of only nonspecific complexes. These results suggest that the presence of nonspecific downstream information affects either the stability of the formed complexes or the mechanism whereby initial assembly factors recognize the 3' end of the intron (see Discussion).
The precursor RNAs in Fig. 2A contained natural exon 2 sequences followed by natural intron 2 sequences. The precursor RNAs in Fig. 2B were deleted variants in which the last 33 nucleotides of exon 2 and all intron sequences were removed; in this case, the extending sequences were derived from the SP6 vector. Three experiments were performed to provide assurance that the inhibition of assembly observed with the precursors that had extended incomplete exons was not a result of the particular sequences used to extend these RNAs. In the first experiment, deletion substrates were prepared that were deleted within intron 2 so as to place plasmid sequences after the 5' splice site terminating the exon (Fig. 2C) ; these were the same plasmid sequences that terminated the incomplete exon precursor RNAs in Fig.  2B . Therefore, the substrate RNAs in Fig. 2B and C were identical except for the region around the 5' splice site terminating exon 2. The RNAs with a 5' splice site directed the assembly of complex alpha much better than did their companion substrates lacking a 5' splice site. Thus, the lack of assembly with the incomplete substrates in Fig. 2B is likely due to the absence of a 5' splice site rather than to the presence of killer sequences at the termini of the RNA.
We also prepared substrates without a 5' splice site similar to those in Fig. 2B that used eucaryotic rather than plasmid sequences to extend the interrupted exon. Intronic sequences from the adenovirus late transcription unit and from the human calcitonin gene were used; both inhibited assembly of complex alpha (data not shown). Again, inhibition of assembly seems more likely due to the absence of a 5' splice site than to the presence of specific inhibitory sequences within the extension.
Other laboratories have reported that pyrimidine-rich exon sequences inhibit in vitro processing (14) . The sequences used in our constructions were not pyrimidine rich.
To test their inhibitory properties, however, we constructed precursor RNAs that contained a 5' splice site after the plasmid sequences used to extend the second exon (Fig. 2D) . If (21, 36) . The loss of assembly at 300 nucleotides agrees well with the natural limit of vertebrate exon size.
Recognition of 5' splice sites terminating exon 2 requires U2 snRNPs. The stimulatory effect of inclusion of a 5' splice site in exon 2 during early assembly suggested communication between the factors recognizing the 3' and 5' splice sites that border an exon. To examine whether recognition of the 5' splice site terminating exon 2 required interactions at the upstream 3' splice site, 5' splice site protection experiments were performed with substrates containing a complete exon 2. The 5' splice site terminating exon 2 was rapidly protected against oligonucleotide-mediated cleavage upon incubation in splicing reactions (Fig. 3) . Protection was dependent on both Ul and U2 RNA sequences. Cleavage of either Ul or U2 RNA within the 5'-terminal sequence abolished protection of the 5' splice site terminating exon 2, indicating that recognition of the 5' splice site was dependent on both snRNPs and their interactions within the upstream intron. The U2 dependence of exon 2 5' splice site recognition by Ul snRNPs supports the existence of communication between U2 and Ul snRNPs across exons during initial substrate recognition and suggests viewing exons, rather than splice sites, as the initial units of assembly. Interestingly, cleavage of U2 RNA within internal sequences had no effect on protection of the 5' splice site terminating exon 2. This cleavage of U2 RNA permits assembly of a complex of mobility similar to that of complex A with normal two-exon substrates but prohibits further assembly (13, 64) .
Presence of a 5' splice site within exon 2 enhances splicing activity. The inhibitory effect of the lack of a 5' splice site on assembly of precursor RNAs containing isolated exons suggested that removal of the 5' splice site terminating exon 2 might also inhibit splicing of two-exon substrates. Twoexon precursor RNAs were prepared that were analogous to the isolated second-exon substrates used in Fig. 2 . These substrates included a second exon of 41 to 600 nucleotides with or without a 5' splice site. The first class of substrates had an intact second exon followed by up to 286 nucleotides of intron plus plasmid sequence (these substrates have 3' halves isogenic to the precursor RNAs in Fig. 2C ). These El * E2 substrates spliced with equal efficiency regardless of the length of the extension following exon 2 (Fig. 4A) . Efficiency in Fig. 4 (Fig. 4B) . The precursor RNAs in Fig. 4A RNA. The behavior of two-exon splicing substrates in Fig. 4 was similar to that of the isolated second-exon precursor RNAs in Fig. 2 . Activity was observed if a truncated second exon was quite short but not if extending downstream information was present. Again, this difference suggests that the presence of downstream information alters the association of splicing factors with the precursor RNA (see Discussion).
Extension of a truncated exon 2 may also have altered the specificity of splicing because a variety of novel lariat-exon 2 intermediates differing in gel migration (and presumably branch point) were observed with the 107-nucleotide extension. The production of unusual lariat-exon 2 species by using in vitro substrates with extended truncated exons has been observed previously with use of rabbit ,-globin precursor RNAs (40) . The combined loss of efficiency and specificity suggests that exon recognition plays a role in branch point selection. Thus, the presence of long second exons lacking a terminal 5' splice site disturbed the ability of the preceding intron to be correctly recognized. Notice that a perfectly good intron is present in all substrates. This behavior is reminiscent of 5' splice site mutations that result in exon skipping (33, 58) .
The third class of precursor RNAs examined consisted of second exons of increasing size, from 94 to 300 nucleotides. These El E --2 substrates contained the same extension sequences as were present in the substrates in Fig. 4B ; in this case, however, a 5' splice site was added onto the 3' end of the extending sequences. The second exons in these constructions were identical to those used in Fig. 2 to examine the assembly of alpha complex by using precursor RNAs with isolated second exons. Readdition of a 5' splice site restored splicing to longer exons that were 94, 196, or 300 nucleotides long (Fig. 4C) . The observed splicing activity with the El 1E 2 substrates was not due to activation of a cryptic 5' splice site within the extension cassettes. When a third exon was added to the constructions, both introns 2 and 3 were removed correctly (Fig. 4D) . The assembly of alpha complex was normal, with precursor RNAs consisting of only a single exon when the second exon was 94 or 196 nucleotides but not 300 nucleotides long (Fig.  2) . Thus, isolated exons were more susceptible to increasing exon size than were exons in two-exon substrates (see Discussion).
The ability of a 5' splice site to rescue splicing of precursor RNAs with extended exons indicates that the negative activity of the second-exon extension substrates (El E2A5 precursor; Fig. 4B ) was due not to the presence of inhibitory sequences within the second exon but rather to the lack of a 5' splice site. Thus, these sequences did not inhibit splicing when placed in the correct context within an exon instead of terminating one. Note than extending sequences were not inhibitory if they followed a 5' splice site, only if they replaced a 5' splice site.
The loss of splicing activity observed with two-exon substrates lacking a 5' splice site was not dependent on the nature of the sequences used to extend the exon. Substrates constructed by using procaryotic, adenovirus intronic, or calcitonin intronic sequences as the expansion cassette also failed to assemble or splice (data not shown). Because of the proven capacity of the splicing machinery to recognize cryptic splice sites, all expansion sequences used were prescreened for the absence of sequences similar to 5' splice sites. Therefore, although different sequences produced the same effect in our experiments, not all constructions of this type may yield the same phenotype if the sequences used contain cryptic consensus sequences.
We also examined the effect of very large second exons on splicing (Fig. 4E) . Exons larger than 300 nucleotides inhibited the removal of the preceding intron, as indicated by a reduction in the amount of ligated product RNA. Some small amount of product, however, continued to be produced even with the larger exons. Thus, the presence of an upstream exon ameliorated the effect of a large second exon as compared with the ability of single-exon substrates to assemble complex alpha. Maximal splicing activity, however, was observed only when the exon size was 300 nucleotides or less. This size sensitivity agrees well with the observed limit on vertebrate internal exon length (21, 36) .
Assembly of two-exon substrates is enhanced by the presence of a 5' splice site in exon 2. The splicing precursor RNAs containing second exons of various lengths with or without a 5' splice site that were used in Fig. 4 were also analyzed for assembly activity by RNP gel electrophoresis. The El E2 precursor RNAs, containing a valid second exon with a 5' splice site, produced the normal pattern of A, A', and B complexes (Fig. SA) Splicing precursor RNAs containing an extended exon 2, with or without a 5' splice site, were prepared. The structure of each substrate RNA is diagrammed. Second-exon lengths are indicated. The second exons are identical to those used in Fig. 2 . All RNAs contain the last 81 nucleotides of the natural adenovirus 2 first intron and the first 38 nucleotides of exon 2. The final products of splicing (ligated exon 1-exon 2 and released lariat) are identified. Note that whereas the precursors and products differ in length because of different exon 2 lengths, the lariats produced within the sets are identical. (A) El E2 precursor RNAs contain the 94-nucleotide exon 2 followed by 67 nucleotides of intron 2 and various lengths of plasmid sequence. (B) El E2A5 precursor RNAs contain the first 38 nucleotides of exon 2 followed by indicated lengths of plasmid; the precursor RNAs in panels A and B differ only by the last 55 nucleotides of exon 2 and the first 65 nucleotides of extending sequence. (C) El E 2 precursor RNAs contain the natural adenovirus exon 2 interrupted by various lengths of plasmid sequences at nucleotide 38 of nonspecific sequence to El * E2A5 substrater splice site within exon 2 strongly inhibited as: 5B). A, A', and B complexes were observed oI addition of nonspecific information was limited tides. Note that the longest length (350 nucleoti the permissive substrates was longer than that tides) added to the nonpermissive substrates. T1 presence of a complete second exon with its splice site enhanced initial spliceosome assemb When precursor RNAs containing expanded second exons, El -E -2, were examined, precursors with 94, 1%, and 300 nucleotides of exon all assembled well. Normal efficiency and complex mobility were observed. Therefore, extending information was inhibitory to complex formation only if it lacked a 5' splice site.
DISCUSSION -P3 (290)
Initial assembly of the spliceosome is dictated by interactions at the 3' end of the intron (4, 7, 8, 12, 13, 18, 19, 24, 25,  43, 46, 49) . A variety of factors, including Ul snRNPs (63, 64) , participate in this initial recognition step. We show here that sequences within the exon downstream of the 3' splice site facilitate initial complex formation. If these sequences contain a 5' splice site, complex formation occurs rapidly; if they do not, initial complex formation and subsequent splicing are inhibited. Therefore, when 3' intron sequences are followed by a valid exon with its resident 5' splice site, initial assembly is rapid and stable. We suggest that the exon is the initial unit of assembly (Fig. 6) Fig. 4 were sampled for assembly at the indicated times. Equal amounts of the substrates were incubated in in vitro splicing reactions for the indicated times and analyzed for assembly by RNP gel electrophoresis. Specific splicing complexes A, A', and B are indicated. The aberrant migration of the complexes formed with the 107-and 213-nucleotide extended second exons lacking 5' splice sites was reproducible but has not been further investigated.
VOL. 10, 1990 on December 28, 2017 Our results also agree with those reported by Munroe (35) in which ribo-oligonucleotides prehybridized to the 3' end of exon 2 (covering the 5' splice site) inhibited processing of the upstream intron. Therefore, masking the 5' splice site as double-stranded sequence had the same effect as eliminating the 5' splice site.
Mutations in the 3' end of the intron also produce phenotypes in agreement with exon definition. Striking among these are naturally occurring mutants of human P-globin (10, 56) . These genes carry point mutations within the second intron that create a new 5' splice site. Instead of resulting in the production of an abnormally large second exon, a normally silent 3' splice site lying 120 nucleotides upstream of the mutation is activated. As a result, a novel hemoglobin RNA with four exons is produced. Mutation of the activated 3' splice site causes skipping of the fourth exon and reversal to a normal splicing pattern. Thus, normally silent splice sites within introns can be activated by the close positioning of the opposite site.
One of the outstanding problems in understanding the orchestration of splicing in multiexon RNAs is how the machinery functions so as to never unintentionally skip an exon. Intron-scanning mechanisms have been proposed, tested, and ruled out (27, 28, 31, 51, 56, 57, 60) . The experiments designed to test intron scanning asked whether splice site selection is coupled to intron scanning. Here we suggest that splice site selection is coupled to exon searching. Experiments duplicating 5' splice sites within internal exons do show a preference for the upstream-most site (11) . The activation of cryptic 5' splice sites lying upstream of mutated 5' splice sites, however, indicates that the searching mechanism defining exons is not a strict 5'-to-3' scan but instead is a searching mechanism that operates to find the best fit to consensus sequences. Once splice sites (and hence exons) are selected, scanning through introns to detect neighboring defined exons could facilitate correct exon ordering (47) . In addition, exon definition could operate during transcription (2) .
Many laboratories use in vitro splicing substrates that contain a first exon, an intron, and a partial second exon lacking a 5' splice site. These substrates assemble and splice. In addition, substrates consisting of just the 3' end of the intron and a short truncated second exon direct the assembly of one specific complex. We observed the same properties with substrates having partial second exons if the exons are short. Only when the truncated second exon sequences were greater than 80 nucleotides did we see destabilization of assembly and inhibition of splicing activity. The source of the additional inhibitory exon 2 sequences was irrelevant, although we prescanned utilized sequences for the absence of cryptic 5' splice site consensus sequences. Observation of greater inhibition with substrates having extended second exons suggests that initial binding at the 3' end of the intron is followed by a search of downstream information during exon recognition. If no 5' splice site is encountered within 300 nucleotides, no stable complex is formed. This is the situation that would occur when an isolated splice site is located within an intron. Thus, we suspect that the extended exon substrates are good models for understanding the poor recognition of isolated cryptic splice sites by the splicing machinery.
Substrates having short truncated second exons are not normally encountered by splicing factors; therefore, the ability of these substrates to work in vitro may be a property of the in vitro system. In this interpretation, in the absence of sequences to search, such as in substrates containing short truncated second exons, the produced assembly is marginally stable. Indeed, although complexes were observed with precursor RNAs consisting ofjust the 3' end of the intron and a short truncated second exon, they were unstable to extended incubation in processing extract in comparison with similar substrates containing a 5' splice site (Fig. 2) .
Complexes formed with substrates that consisted of the 3' end of the intron and a complete second exon with a 5' splice site were extremely stable to incubation in the extract. It would be predicted that the definition of exons in vivo should be both fast and irreversible. Failure or loss of definition of an exon would result in exon skipping. Indeed, the first complexes observed during in vitro assembly occur within 1 min of incubation in vitro and on nascent transcripts in vivo (3). Higher-order complexes involved with intron definition as depicted in Fig. 6 appear with slower kinetics in vitro, suggesting that intron definition is the rate-limiting step during spliceosome assembly.
In this communication, we report that the absence of a 5' splice site within long second exons was more inhibitory for the assembly of substrates lacking exon 1, i.e., substrates limited to exon definition, than it was to substrates with a complete first exon that could undergo both exon and intron definition (compare Fig. 2 and 4) . Communication between factors bound at the ends of introns has been observed in vitro (30) . It seems likely that this communication serves to directly define introns at reasonable efficiency in vitro as long as there are no sequences to search downstream of the 3' end of the intron. We suggest, therefore, that substrates having short truncated second exons function via direct intron definition and the bypassing of exon definition. We anticipate that bypassing of exon definition might require short introns. Most in vitro experiments use internally deleted introns to maximize complex formation and activity. Lengthening of introns generally reduces activity. We are presently constructing precursors with increasingly larger introns to test requirements of direct intron definition for those substrates blocked for exon definition because of large second exons.
The discussion presented above refers to internal exons only. Obviously, if exon definition occurs, additional mechanisms must operate to recognize first and last exons. It has been established that splicing of the first intron in a multiintron RNA is more cap dependent than is removal of the second intron (38) . Therefore, recognition of the first 5' splice site terminating exon 1 might be mediated by caprecognizing factors. We have recently obtained evidence for the existence of soluble nuclear factors that are required for recognition of cap-proximal 5' splice sites but are not required for recognition of internal 5' splice sites (61; unpublished observation). Therefore, special nuclear factors may recognize the first exon in a precursor RNA.
Terminal 3' exons contain poly(A) sites and are frequently extremely long. If exons are the initial assembly unit, there must be special factors that aid in recognition of 3'-terminal exons. We have observed that adding a sequence containing a poly(A) site to a truncated second exon lacking a 5' splice site permits assembly of stable complexes (M. Niwa and S. M. Berget, unpublished observations). We are presently examining the sequence elements within the poly(A) site that rescue assembly of substrates with extended exons. It seems plausible that the splicing and polyadenylation machinery communicate across terminal exons to direct assembly.
It should be noted that we observed a dependence of spliceosome assembly on second-exon sequences when we used a family of substrate RNAs that all contained similar intron and 3' splice site sequences. It is possible that RNAs with different sequences at the 3' end of the intron will respond differently to the presence of downstream information. Such differences could be exploited to produce differential splicing. Any factor that disrupts interactions at the 3' end of the intron, the process of exon searching, or interactions at the downstream end of the exon could theoretically cause exon skipping. Such an exon-oriented view of splice site selection directs attention to the exon as the location of cis-acting sequences operative during differential processing.
